We study the mutual interactions of simple parallel polymers within the framework of density-functional theory ͑DFT͒. As the conventional implementations of DFT do not treat the long-range dispersion ͓van der Waals ͑vdW͔͒ interactions, we develop a systematic correction scheme for the nonlocal energy contribution of the polymer interaction at the intermediate to the asymptotic separations. We primarily focus on the three polymers, polyethylene, isotactic polypropylene, and isotactic polyvinylchloride, but the scheme presented applies also more generally to other simple polymers. From first-principle calculations we extract the geometrical and electronic structures of the polymers and the local part of their interaction energy, as well as the static electric response. The dynamic electrodynamic response is modeled on the basis of these static calculations, from which the nonlocal vdW interaction of the polymers is extracted.
I. INTRODUCTION
Density-functional theory ͑DFT͒ has proven successful in describing the interaction of dense matter systems, e.g., the covalent atomic binding in molecules. However, for sparse matter systems with regions of small or no density overlap, the nonlocal van der Waals ͑vdW͒ correlations are important. The vdW interaction is an attractive correlation force due to instantaneous dipole and multipole interactions that are mediated by the electric field. The vdW interaction is presently not included in the traditional DFT implementations, and has to be corrected for. [1] [2] [3] [4] [5] The crystals of polyethylene and isotactic polypropylene, where the polymers are aligned in parallel, represent an important class of sparse materials. The intramolecular bindings of the polymers are well described with the aid of traditional DFT, but the intermolecular bindings that keep the crystals together are dominated by the long-range vdW interaction. 1, [6] [7] [8] Hence, a systematic correction scheme for the nonlocal interaction of parallel polymers, consistent with the DFT framework, is of great importance. Several successful schemes dealing with the interaction of extended objects, e.g., for the interlayer interaction in graphite 9, 10 and the nanotube-nanotube interaction, 11, 12 have already been developed; some of them applicable both to objects sufficiently separated that the electron densities do not overlap and to objects separated less than the binding distance with electron-density overlap. This article generalizes the scheme used for nanotubes 11, 12 to deal with the long-range interaction of parallel polymers. As a first step towards eventually treating polymerpolymer interactions at the typical binding distances of parallel polymers, the scheme presented here deals with the vdW interaction in the intermediate to the asymptotic region, where the polymers have a negligible electron-density overlap.
We use traditional DFT calculations to obtain the equilibrium internal ͑geometrical and electronic͒ structures of the three polymers: polyethylene ͑PE͒, isotactic polyvinylchloride ͑PVC͒, and isotactic polypropylene ͑PP͒. PE and PP are widely used in the industry and have well-described crystal structures. 6, 7 These polymers are examples of what we refer to as simple polymers: polymers that can be treated as linear chains of relatively small repeated subunits and are computationally feasible within the framework of DFT. The calculated geometric structures of these polymers and a comparison with other calculation as well as experimental results will be presented in Sec. II A.
The valence electron density of the polymers is the key quantity for the calculation of the dispersive polymerpolymer interaction, with the electrodynamic response of the polymer modeled on the basis of static DFT calculations of the valence electron density and the electrostatic response. This part is described in Secs. III-V.
Finally, the numerical results of the vdW interaction are presented for the three polymers, and the interaction dependence on the orientations of the polymers will be further elucidated in terms of simple orientation-dependent expansions.
II. DFT RESULTS AND METHOD

A. Structure determination
The internal geometrical and electronic structures of the polymers are determined by traditional DFT calculations. Our subsequent calculations of the van der Waals interaction are based on this DFT-determined electronic structure. The DFT implementation used in this article is a plane-wave code 13 with ultrasoft pseudopotentials, and all DFT calculations are carried out within the generalized gradient approxi- 15 We use a 400-eV cutoff of the plane-wave basis set and a 1 ϫ 1 ϫ 12͑1 ϫ 1 ϫ 4͒ Monkhorst-Pack sampling 16 of the Brillouin zone of our PE ͑PVC and PP͒ unit cell. The length l of the unit cell corresponds to the length of the repeated polymer segment. The calculations of the structures of the isolated polymers are carried out in unit cells chosen such that the polymers are surrounded by at least 10 Å of vacuum in any direction.
The geometrical structures of both PE and PP have previously been determined within the DFT framework and our results agree well with the previous DFT calculations 17, 18 as well as experimental data, 8, 19, 20 while to our knowledge isotactic PVC has not previously been treated in first-principles calculations and the isotactic variant is not observed experimentally.
PE is a linear polymer with a repeated segment consisting of two C and four H atoms. PP and PVC, respectively, have a CH 3 group or a Cl atom substituting one quarter of the H atoms in the PE chain. This asymmetry in PP and in PVC makes each such substituted PE segment rotates 120°w ith respect to the neighboring segments, by which PP and PVC obtain a 3:1 helical structure. This is shown in Fig. 1 . Thus each unit cell consists of three CH 3 − or Cl-substituted PE segments.
The structures are determined by varying the unit-cell length l and at the same time relaxing the atomic positions by minimizing the local Hellmann-Feynman forces on the atoms such that the sum of all forces within the unit cell is less than 0.05 eV/ Å. Data characterizing the calculated and experimentally observed geometrical structure of the polymers are given in Table I and the polymers are shown in Fig. 1 .
B. Electron density
The DFT calculations of the equilibrium structure also provide the valence electron density. We use the density to determine the van der Waals interaction between the polymers at the intermediate to the asymptotic separations of the polymers. For simplifications in the following we use a valence electron density that is averaged along the polymer ͑Fig. 1͒, but there is no general problem in retaining the full three-dimensional density, besides an increased computational cost and the absence of the symmetry-related simplifications discussed later.
This approach of averaging the electron density along the polymer is reasonable when the polymers have a centerto-center separation d much larger than a length representing the typical variation of the polarization along the polymer. It is applicable to the vdW-interaction calculations at separations in the intermediate to the asymptotic regime, defined as the regime where we have no electron-density overlap of the polymers, neither for the averaged electron density nor for the full three-dimensional electron density ͑discussed in Sec. V B͒. This regime corresponds to separations larger than 8 Å for PE and 10 Å for PP and PVC, which will be the scope of this article. As shown in Sec. IV, this greatly simplifies the computational problem of evaluating the interaction integral and will prove useful in finding the polarizability properties along the polymer, as discussed in Sec. III.
III. THE POLYMER ELECTRODYNAMIC RESPONSE
The origin of the vdW interaction is the interaction, mediated by electric fields, of local dipoles and multipoles spontaneously appearing in the electron density of the polymers. Thus the electrodynamic response of the polymers is essential for the calculation of their vdW interaction. The dipole-dipole interaction dominates the long-range interaction and we will here neglect the more complex multipole interactions. The dynamic response is modeled on the basis of DFT calculations, from which the static polarization as well as the electron density is obtained. The model contains a single tunable parameter, which is chosen such as to reproduce the static polarizability. From the dynamic response, in particular, from the polarizabilities, we are able to extract the attractive vdW interaction.
We model the local dynamic electron response to a local field by a simple local plasmon-pole model 11, 21 with the bare susceptibility 0 ͑r,rЈ;u͒ = ␦͑r − rЈ͒
where n͑r͒ is the electron density at position r obtained from DFT and u is related to the frequency of the electric field by u ϵ −i. All quantities are in hartree atomic units. In order to remove the divergence at zero frequency and instead reproduce the static polarization obtained from DFT calculations we introduce a cut-off frequency u c . However, since the model is only an approximation of the response for nonzero frequencies, the cut-off frequency thus determined varies with the orientation of the applied field relative to the polymer. For simplicity we only consider a single cut-off value, which is chosen such that the angular average of the model polarizabilities reproduces the average of the DFTcalculated static polarizabilities. The model of the response ͑1͒ used here may be replaced by a more complicated functional form, but preliminary calculations with more realistic response models 4, 22 show that our results are not more sensitive to this choice than to the averaging of the electron density. 23 For convenience we describe all quantities in a Cartesian coordinate system local to the polymer. The repeated polymer segments are oriented along the z direction, and the origin in the ͑x , y͒-coordinate system is located at the center-ofmass line of the polymer.
The local effective susceptibility tensor , which describes the locally induced polarization due to an external applied electric field, is a key quantity for the vdW interaction. The local field and, in turn, the local effective susceptibility are found by requiring that the charge is conserved under the action of an applied electric field when modeling the local response by Eq. ͑1͒. This defines a threedimensional electrodynamical problem which is to be solved.
Since the electron density is averaged along the polymer, the electrodynamic problem is effectively reduced to a twodimensional one. The translational invariance in the z direction, along the polymer, leads to the requirement that no local charge can be induced in the x-y direction due to a field in the z direction or vice versa. Thus the corresponding components of the susceptibility vanish, xz = yz = zx = zy =0. Furthermore, the electrodynamic solution requires that the potential is linear along the z direction, and thus we find the susceptibility component zz ͑r ; u͒ = 0 ͑r ; u͒. The components of the effective local susceptibility in the x-y plane are given by the relation ab ͑x,y;u͒E app ͑a͒ = − ‫ץ‬⌽ ͑a͒ ͑x,y;u͒ ‫ץ‬b 0 ͓n͑r͒;u͔, ͑2͒
with indices a , b = x , y. ⌽ ͑a͒ ͑x , y ; u͒ is the electrodynamic potential due to an applied field of magnitude E app ͑a͒ over the polymer in the a direction and is given by the charge conservation ٌ͕͑1 + 4 0 ͓n͑x,y͒;u͔͒ ٌ ⌽͑x,y;u͖͒ = 0, ͑3͒
with appropriate boundary conditions. The long-range interaction between polymers can be related to the interaction of the spatial moments of the macroscopic susceptibility. In the asymptotic limit the vdW interaction depends only on the frequency-dependent macroscopic susceptibility
where a , b = x , y , z. An explicit expression for the vdW interaction in this limit is given in Sec. IV. Furthermore, since the local effective susceptibility is a tensor of rank two, we can easily treat rotations of the polymer with respect to the local coordinate system and the applied field ͑i.e., with respect to the neighboring polymers that give rise to the electric field͒. Specifically, if the polymer is rotated counterclockwise by an angle about the center of mass, the local susceptibility transforms as Ј = S −1 S where the rotation operator is simply given as S = cos − sin 0 sin cos 0 0 0 1 .
͑5͒
As an illustrative example we look at the orientationdependent polarizability of PE. We choose to orient the polymer such that = 0 corresponds to the case where the polymer is widest in the x direction, and symmetry dictates that the off-diagonal components of the polarizability vanish. Using the above transformation properties of the susceptibility we get
in excellent agreement with DFT calculations of the susceptibility at different angles, as shown in Fig. 2 .
IV. THE POLYMER-POLYMER van der Waals INTERACTION
In order to evaluate the vdW interaction for two possibly different but parallel polymers ͑oriented along the z direction and denoted by subscript i =1,2͒ with center-to-center separation d, we introduce two local Cartesian coordinate systems with the origin in the center of mass of polymer i and separated a distance d in the x direction.
We emphasize that the polymers are restricted to be parallel, but the formalism allows for both free rotation around the individual polymer axis as well as translation along this axis. Now, since all quantities are averaged along the polymer, the vdW energy per unit length in the dipole approximation reads 24, 25 where T ij ϵ ٌ i ٌ j ͉r i − r j ͉ −1 and i denotes the local effective susceptibility of polymer i. The integral in z 2 − z 1 can be performed analytically 11 and the remaining integrals can be numerically evaluated.
For physical insight and fast computation, it is useful to make analytic expansions as a function of inverse separation. This allows us to easily extract forces, find the orientation where the polymers have maximum or minimum interaction, and to compare with other calculations. The following notation is used:
where the first term describes the polarization-polarization ͑␣-␣͒ interaction and can be explicitly written as
Higher-order terms involving spatial moments of the susceptibility are just as easily obtained but are cumbersome to write down. However, by assuming the molecules to possess cylindrical symmetry the terms up to the ninth order have been calculated in Ref. 24 .
V. NUMERICAL RESULTS AND DISCUSSION
The interaction integrals and expansion coefficients in Sec. IV are numerically evaluated. For this we need all the components of the local frequency-dependent effective susceptibility . These are found by using the PW91 valence electron density n͑r͒ in the bare response function 0 ͓n͑r͒ ; u͔. For each frequency u and each independent directions x and y of the applied electric field we then solve for the electrodynamic potential in Eq. ͑3͒ by finite element methods ͑FEMs͒.
By comparing the static ͑u =0͒ FEM calculation and the DFT-calculated static susceptibility we determine the cut-off frequency u c . For PE the cut-off frequency reproducing on average the DFT-calculated susceptibility is found to be u c PE = 0.429 Ha. This certainly reproduces the DFT calculations to the extent of the accuracy of the FEM, 26 as seen in Fig. 2 . The method tends to slightly overestimate the difference between the maximum and minimum polarizabilities as calibrated by the DFT determination of the static susceptibility. However, the small disagreement is acceptable considering that we use a simple plasmon model for the dielectric response with a single cut-off frequency u c .
The threefold rotational symmetry of PP and PVC makes their susceptibility almost constant under rotation. We find ␣ PP = 0.97 eÅ 2 / V and ␣ PVC = 1.01 eÅ 2 / V. The corresponding cut-off frequencies are u c PP = 0.507 Ha and u c PVC = 0.482 Ha. These calculations permit us to evaluate the vdW interaction for the three polymers at the intermediate to the asymptotic separations. To illustrate the general interaction for all possible orientations of the polymers, we have evaluated the orientation-dependent expansion coefficients.
Of the three polymers, the PE-PE interaction is the most influenced by the relative orientation of the polymers. This is to be expected from the polarization properties of PE, which are reflected in the orientation-dependent expansion coefficients. For PE all even terms vanish due to symmetry and the nonvanishing coefficients B 5 and B 7 are shown in Fig. 3 . In the asymptotic limit, described by the B 5 coefficient, the angle dependence is rather low ͑about 3%͒. Evaluating E vdW ͑7͒ ͑ 1 , 2 ͒ for 10-Å separation of PE with PE, we find that the variation is more pronounced ͑7%͒ and the effect grows as the separation is reduced. However, the general depen- dence of the orientations in the intermediate to the semiasymptotic regime can be concluded to be rather weak. Furthermore, we observe that the calculated expansion coefficients are nearly symmetric under the transformation i → 180− i . The success of the expansion of the energy in terms of inverse separation for PE is evident from Fig. 4 where we have compared the expansion in inverse separation to the full two-dimensional ͑2D͒ evaluation of the energy for the orientations of maximum and minimum interactions, respectively. We see that in the case of maximum interaction the agreement is excellent down to polymer separation d of 10 Å. The agreement is even better in the case of minimum interaction when the nearest distance between fragments of the two polymers is effectively largest ͑for a given d͒.
The PP-PP and PVC-PVC interactions are even less sensitive to rotations than the PE-PE interaction. We find the odd-order terms to be ͑independent of rotation͒ B 5 PVC-PVC = 133 eV Å 4 , B 7 PVC-PVC = 6.6 keV Å 6 , B 5 PP-PP = 119 eV Å 4 , and B 7 PP-PP = 5.8 keV Å 6 . Due to the trianglelike shape of PVC and PP, the even-order terms do not vanish, but in general these only give small contributions to the interaction energy ͑e.g., the B 6 term contributes maximum 5% of the energy at 10 Å͒. Thus the qualitative behavior is well described by the constant B 5 and B 7 terms. In Fig. 5 a comparison between the full numerical expansion for the PP-PP interaction and the expansion up to the seventh order is given. The curves show excellent agreement for d Ͼ 13 Å and fair agreement for smaller distances. We obtain similar results for the PVC-PVC interaction. 24 Thus we find that the qualitative behavior in the intermediate to the asymptotic region is well described in terms of an expansion of the energy in inverse separation.
The inset of Fig. 5 shows the evaluation of the full 2D-interaction integrals for the three polymers. We see the general tendency E PE Ͻ E PP Ͻ E PVC which is to be expected from the polarization properties of the molecules.
A. Cylindrical approximation
The small orientation dependence of the expansion coefficients for the three polymers, along with the approximate cylindrical symmetry of their length-averaged electron density ͑Fig. 1͒, suggests that their asymptotic interaction can be roughly described on the basis of the cylindrical-averaged electron density. This was utilized in Ref. 24 and a comparison between the "cylindrical" and the 2D-evaluated expansion coefficients for the three polymers is given in Table II . We see that the expansion coefficients in the cylindrical approximation typically underestimate the expansion coefficients by 15% compared to the 2D-evaluated coefficients. Much of this difference can be ascribed to the change in dielectric model response when the electron density is further averaged around the polymer center-of-mass line. Thus, the cylindrical approximation proves useful for simple estimates of the magnitude and behavior ͑even in the intermediate regime͒ of the effective polymer interaction, but in order to study the behavior in more details we have to resort to the 2D-evaluated interaction.
B. Length averaging approximation
The comparison of the 2D approximation and the cylindrical approximation illustrates the point that any averaging procedure in general will alter the local dielectric model response and in turn the magnitude of the interaction.
In the same manner the length averaging, leading to the 2D approximation, is expected to alter the magnitude of the interaction compared to the full three-dimensional ͑3D͒ interaction. We have investigated the effect of the length averaging by evaluating parts of the susceptibility for both the 2D-and the 3D-electron densities and estimating the difference these densities give rise to in the resulting interaction energy. We find that for our polymers the effects of the averaging procedure are of minor importance in the intermediate to the asymptotic regime. A more detailed comparison of the 2D approximation with the 3D interaction will be carried out in a forthcoming paper.
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VI. COMPARISON WITH OTHER METHODS
The direct comparison to other calculations and measurements of polymer binding energies is difficult because most results are from polymer crystals where the polymers are packed at their natural binding distance. The scheme presented here does not apply at the binding distances in polymer crystals and it is not possible to validate the accuracy of our approach from experimental data on such polymer crystals. However, for PE it is possible to directly compare our present calculation for the intermediate to the asymptotic separations to the asymptotic interaction parameters extracted from other calculations. This will be described below.
The asymptotic ethane-ethane interaction might be used to estimate a PE-PE asymptotic interaction by approximating PE as a long row of ethane molecules. The ethane molecules are thought of as oriented along the z axis with a repeat distance l r that equals the length of our unit cell, and by summing up all the asymptotic ethane-ethane interactions we obtain an approximate value for the B 5 value.
The asymptotic ethane-ethane interaction is on the form E asymp =−C 6 / d 6 such that
The ethane-ethane interaction parameter has previously been evaluated in an approach similar to ours 27 as well as in a more accurate time-dependent approach. 28 Table III shows the result of this comparison; we see that the asymptotic interaction estimated this way is in good agreement with our calculations.
Furthermore, if we focus on PE as being build up of CH 2 groups, we can use the parameters typically adopted in forcefield calculations 29 and sum up the CH 2 -CH 2 interactions. This approach gives, as shown in Table III , an asymptotic interaction parameter slightly larger ͑20%͒ than our interaction parameters. This difference is fully acceptable, considering that the force-field parameters are adapted for calculations at the crystal binding distance, and thus only provide estimates for the asymptotic interaction parameters.
To sum up, the relatively crude estimates of the asymptotic interaction parameters described above are in good agreement with our calculations. The vdW interaction of parallel polymers from the intermediate distance to their binding distance will be the scope of a forthcoming paper.
VII. CONCLUSION
We have presented a general approach based on firstprinciples electron density calculations for computing the intermediate to long-range interactions of parallel, geometrically simple polymers.
We have applied the scheme to polyethylene, isotactic polypropylene, and isotactic polyvinylchloride, and the interaction energy for these polymers has been evaluated. Furthermore, we have found orientation-dependent expansion coefficients up to the seventh order in d −1 , which give a qualitative description of the orientation-dependent polymerpolymer interaction, and for PE give quantitative correct values for d PE Ͼ 10 Å ͑d PP Ͼ 12 Å and d PVC Ͼ 12 Å͒. These expansions are consistent with other studies in the asymptotic limit.
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